Introduction
In 2009, an estimated 33.3 million adults and children worldwide were living with HIV, while 2.6 million were newly infected that year (UNAIDS, 2010) . The epidemic most severely affects sub-Saharan Africa, where 22.5 million people live with the virus, and 1.8 million were newly infected in 2009 (UNAIDS, 2010 . The predominant mode of HIV transmission in this hardest hit area is heterosexual intercourse, with young women particularly vulnerable to acquisition of the virus ), a result of intersecting biological, social and cultural vulnerabilities (Coovadia et al., 2009; Hladik & Hope, 2009) . Although initially considered a fatal diagnosis, HIV is fast becoming a chronic disease, manageable through the use of antiretroviral (ARV) medications. Under good health-care conditions, people living with HIV may now enjoy a life-span that is not significantly different from that of an uninfected person, even without ARV treatment (van Sighem et al., 2010) . Over the past 25 years since the identification of the causative agent of HIV, researchers have investigated many methods for the prevention of acquisition of the virus. It has become increasingly clear that a combination HIV prevention approach to combating the epidemic will be necessary, since no single intervention has yet been shown to have more than approximately 60% effectiveness in preventing infection (Klausner et al., 2008; Vermund et al., 2009) . Biomedical prevention encompasses the use of medical treatments such as ARVs for prevention or post-exposure prophylaxis, barrier methods such as male and female condoms, procedures such as medical male circumcision or other methods to reduce the chance of transmission of HIV . Rather than dichotimising the response to the epidemic into separate biomedical and behavioural interventions, the most effective intervention is likely to incorporate both behavioural change and widespread provision of one or more biomedical prevention options for both men and women.
Biomedical HIV prevention technologies

Vaccines
Although vaccines may appear to be a ubiquitous facet of modern medical care, their development has required prolonged experimentation in several cases. The earliest and most famous vaccination experiment is perhaps Edward Jenner's deliberate infection in 1796 of a young boy with cowpox which conferred protection against the related, but much more deleterious smallpox (Dunn, 1996) . Later in 1885, Louis Pasteur developed a post-exposure rabies anti-toxin which he also called a vaccine (Hoenig, 1986) , thus broadening the definition of the term to include any applied substance which induced an immune response and conferred protection against subsequent infection (Atkinson et al., 2002) . Vaccine development and production continued apace from that point onwards, although some diseases have proved more amenable to development of a vaccine than others. For example, although the causative agent of poliomyelitis was identified in 1908, an effective vaccine was not developed until 1955, an elapsed time of 47 years; it took 105 years to develop a vaccine against typhoid subsequent to identification of the causative organism, while the elapsed times to vaccine for Haemophilus influenza and pertussis were 92 years and 89 years respectively (Markel, 2005) . Comparatively quicker has been the 16 year developmental pathway to a vaccine against hepatitis B (Markel, 2005) . Vaccines are generally formulated in the following ways:  attenuated (live organisms which have lowered or disabled virulence)  conjugate (combination of antigenic substances)  killed (heat or chemically destroyed whole organism)  inactivated toxoid (organismal products which would normally produce illness)  subunit (specific fragments of the organism of interest) Successful vaccines have been developed against viruses which follow a particular course of infection: a certain degree of initial replication and dissemination after infection is followed by migration to the target organ and the development of illness (Johnston & Fauci, 2007) . Should previous exposure to viral antigens have occurred, an endogenous immune reaction can occur, preventing the development of illness (Johnston & Fauci, 2007) . This response has two broad components: humoral and cellular. The humoral response involves the production of antibodies which neutralise the virus and prevent new infection of cells, while the cellular response recruits specific CD8+ cytotoxic T lymphocytes to destroy virally infected cells (Markel, 2005) . The classic approach to vaccine design has been to elicit the production of high levels of neutralising antibodies which prevent the establishment of infection in target cells or organs (Johnston & Fauci, 2007) . The search for an effective HIV vaccine has been hampered by the high genetic plasticity of HIV and its ability to escape the effects of neutralising antibodies through conformational shielding of vulnerable antigenic sites on the HIV envelope protein (Richman et al., 2003; Burton et al., 2004) . HIV is able to establish a pool of latently infected cells in the early stages of infection (Chun et al., 1998) , a feature of the infectious process which complicates the development of an effective vaccine, since infection in latent cells provides a reservoir of infection which cannot be cleared by the neutralising antibody response. In HIV infection, the natural production of neutralising antibodies only occurs weeks to years after the initial infecting event (Wyatt & Sodroski, 1998; Johnston & Fauci, 2007) , and even then, the constant mutation of the virus renders the antibodies ineffective (Johnston & Fauci, 2008) . The approach in the context of HIV vaccines may have to be modified towards the elicitation of T-cell responses rather than neutralising antibodies. This may not provide protection against infection, but will rather reduce the viral load set point and early viral load should the vaccine recipient become infected, with associated positive effects on progression to AIDS or length of time to initiation of ARV therapy (Amara et al., 2001; Letvin et al., 2006; Padian et al., 2008) . Reduction of viral load set point and early viral load could also have important implications for transmission, since most transmission events are hypothesised to occur during acute infection of the transmitting partner, due to high viral load levels (Pilcher et al., 2004) .
HIV vaccines strategies have included live attenuated vaccines, inactivated vaccines, viruslike particles, subunit vaccines, naked DNA and live recombinant vaccines (Girard et al., 2006) . Of these, only subunit vaccines (gp120 protein) and live recombinant vaccines (MRKAd5 HIV-1 gag/pol/nef and ALVAC) have advanced to late stage human clinical testing, the results of which will be summarised below. Five candidate vaccines have advanced to late stage safety and/or efficacy testing (see table 1 ). Two, the STEP and Phambili trials, were of the MRKAd5 HIV-1 gag/pol/nef vaccine (Buchbinder et al., 2008; Gray et al., 2008) ; these vaccines utilised a mixture of three adenovirus vectors expressing the gag, pol and nef genes of HIV. Gag, pol and nef were selected for inclusion in the vaccine as they are commonly recognised during natural HIV infection, and are conserved across HIV clades (thus potentially providing protection against more than one HIV sub-type) (Buchbinder et al., 2008) . Two trials were of rgp120 vaccines (Flynn et al., 2005; Pitisuttithum et al., 2006) ; rgp120 is a purified recombinant form of an HIV outer envelope protein, which, it was hoped, would elicit an effective immune response in vaccine recipients. A combination prime (ALVAC-HIV) + boost (AIDSVAX B/E) strategy was also investigated in a large trial in Thailand (known as RV 144) (Rerks-Ngarm et al., 2009 ). The ALVAC component comprised a recombinant canarypox vector genetically engineered to express subtype B HIV-1 Gag and Pro proteins and gp120 from subtype CRF01_AE linked to the transmembrane anchoring portion of gp41. AIDSVAX consisted of a combination of gp120 proteins from subtype B and E viruses. The hope of the prime + boost technique was that both T-cell and antibody responses could be generated by the vaccine, as opposed to antibody responses alone (Hu et al., 1991) , the effectiveness of which is compromised by the innate behaviour of HIV (described in the preceding paragraph).
Vaccine
Study location Approximate sample size Result B/B rgp120 (Flynn et al., 2005) North America; The Netherlands 5000+ No significant effect on HIV acquisition MRKAd5 HIV-1 gag/pol/nef (B) (Buchbinder et al., 2008) North America; South America; Caribbean, Australia Of these trials, the STEP, Phambili and rgp120 trials, produced "flat" results, indicating neither benefit nor harm of the interventions in terms of HIV prevention. Both the STEP and Phambili trials were prematurely terminated due to concerns over safety, while both of the rgp120 trials were completed. However, the recent RV 144 trial provided tantalising evidence of a significant positive effect for preventing the acquisition of HIV (Rerks-Ngarm et al., 2009 ). The effect was modest, however, and further research will be necessary to expand on several questions raised by the study results: vaccine efficacy was found to decrease over the first year after vaccination, and may have been greater in persons at lower risk (Rerks-Ngarm et al., 2009) . Overall, the results of these advanced stage trials tend to indicate that more pre-clinical studies should be undertaken to gain improved understanding of immune response to the virus before products are tested in large-scale human clinical trials. A significant limitation of the vaccine trials conducted to date has been that the vaccines are derived from less prevalent HIV subtypes: as shown in table 1, most contained derivatives of subtype B or E virus, while subtype C is most prevalent in Africa, the region with the worst HIV epidemic (UNAIDS, 2010).
As with most biomedical technologies, vaccines are unlikely to be 100% effective. Even if we reduce self-reported adherence challenges by using vaccines, consumer and epidemiological models suggest that individual perception of protection by the vaccine is likely to increase risk behaviour by 25% to 50% (Newman et al., 2004; Crosby & Holtgrave, 2006) . Behavioural changes will be necessary to demonstrate effectiveness of the vaccine.
Medical male circumcision
Medical male circumcision has been regarded as one of the success stories in the battle against HIV over the past decade. Based on ecological and observational evidence (Weiss et al., 2000) it was hypothesised that male circumcision had a significant effect on the prevalence of HIV. There are several possible causes for this effect: circumcision removes the foreskin, thus resulting in keratinisation of the underlying epithelium. The nonkeratinized inner epithelium is more susceptible to infection by HIV than the keratinised outer epithelium of the foreskin (Patterson et al., 2002) , which could provide a point of entry for the virus. However, some evidence contradicting this hypothesis has recently been presented: Dinh et al (Dinh et al., 2010) found no significant difference between the degree of keratinisation of the inner and outer foreskin in 16 donor tissue samples; those authors and others suggest that the surface area of the foreskin may play a more important role in susceptibility to HIV -the larger the foreskin, the higher the risk of acquiring the virus. The proliferation of HIV target cells (such as Langerhans cells) in the foreskin may also explain the reduction in vulnerability to HIV following its removal (McCoombe & Short, 2006) . Circumcision also reduces the risk of men acquiring certain other sexually transmitted infections such as chancroid, syphilis , human papillomavirus (HPV) and herpes simplex virus type 2 (HSV2) (Tobian et al., 2009 ) which may themselves increase the risk of infection with HIV (Fleming & Wasserheit, 1999 ).
An earlier meta-analysis of studies conducted in sub-Saharan Africa which included circumcision as a potential risk factor found that the evidence for an effect was compelling, but also noted significant heterogeneity between the studies, which the authors concluded indicated that effects might vary between populations (Weiss et al., 2000) . Despite this, three large-scale clinical trials monitoring the incidence of female-to-male transmission of HIV following circumcision showed strong evidence for a reduction in risk of acquisition of HIV ranging from 48% to 61% (Auvert et al., 2005; Bailey et al., 2007; Gray et al., 2007) . This level of protection was projected to potentially be capable of preventing 2 million new HIV infections and 0,3 million deaths in the ten years after 2006 (Williams et al., 2006) , and has even been described as "as good as the HIV vaccine we've been waiting for" (Klausner et al., 2008) . Despite the positive benefits for men, male circumcision does not appear to protect women from acquiring HIV from an already infected man ). This may be due to resumption of sexual activity prior to complete wound healing, or risk compensation (an increase in risky behaviour owing to perceptions of the protective effect of the intervention) . Medical male circumcision has, however, been found to reduce the prevalence and incidence of HPV infections in female partners (Wawer et al., 2011) . Safer sex counselling and condom provision are recommended as companions to circumcision services. Despite clear evidence for efficacy of this intervention in preventing female-to-male HIV transmission, evidence for effectiveness in preventing male-to-male transmission is less certain -although some evidence suggests that circumcision may protect against HIV acquisition in men who prefer the insertive role, overall, circumcision has not been found to protect against HIV infection in men who have sex with men (MSM) (Millett et al., 2008; Templeton et al., 2009) . Further research on the potential role of circumcision in HIV prevention for MSM is warranted. Scaling up of this intervention has been challenging due to lack of health infrastructure capacity in countries most in need of this intervention, which impacts on both safety and cost-effectiveness. In addition, cultural beliefs may hinder the uptake of this intervention in many societies worldwide.
Barrier methods for HIV prevention
Condoms provide an effective physical barrier to HIV infection, the evidence for which is consistent and compelling (Carey et al., 1992; Lytle et al., 1997; Pinkerton & Abramson, 1997; Weller & Davis-Beaty, 2002 ). In addition, condoms also reduce the transmission of many other sexually transmitted infections such as Chlamydia trachomatis, syphilis, HSV2 and Neisseria gonorrhoeae (Holmes et al., 2004) , infection with which may in turn increase susceptibility to HIV infection (Wasserheit, 1992) . In vitro testing of the male latex condom has shown that in a worst case scenario, use of a condom is 10 4 times better at preventing semen transfer than not using a condom at all (Carey et al., 1992) . Male condoms have been pivotal in HIV prevention programs since HIV was first identified. When correctly and consistently used, condoms are estimated to reduce the per contact probability of male-to-female infection by as much as 95% (Pinkerton & Abramson, 1997) .
Among the general population in Rakai, Uganda, consistent condom use was associated with reduced HIV incidence (Ahmed et al., 2001) , while meta-analysis of condom use among sero-discordant couples has shown that consistent use results in an incidence rate for male-to-female transmission of 0.9 per 100 person years compared with 6.8 per 100 person years in persons who never used condoms (Davis & Weller, 1999) . Davis and Weller also found in their review that breakage rates varied between 0.5% and 6.7%, while rates of slippage ranged from 0.1% to 16.6% (Davis & Weller, 1999) . Despite widespread condom promotion, their use is often incorrect and inconsistent (Foss et al., 2004) , which reduces their effectiveness. Usage has been found to vary by partner type, with condoms more frequently used with casual or short-term partners, but not with marital or long-term partners (Maharaj & Cleland, 2004; Chimbiri, 2007; Hargreaves et al., 2009) . In contexts in which multiple concurrent partnering may be normalised, this pattern of behaviour puts the partners at risk of both contracting and rapidly transmitting HIV (Halperin & Epstein, 2007; Epstein, 2008) . Uganda has served as an example of the possible success of an aggressive "ABC" approach -abstinence, behavioral change and condom use campaigns can be successful in curbing HIV infections (Stoneburner & Low-Beer, 2004) . This has also been demonstrated by the "100% condom program" in Thailand (Rojanapithayakorn & Hanenberg, 1996; Park et al., 2010) , which sought to encourage condom use at every commercial sexual encounter and was also accompanied by an extensive advertising campaign. However, in many countries gender relations, social inequality and economic dependence do not allow young women to negotiate safe sex (with condoms) with their partners Hunter, 2007; . Hence, other woman-initiated prevention options are urgently needed (Stein, 1990) . The efficacy of the female condom in preventing transmission of STIs has provided support for its hypothetical efficacy in preventing HIV, although no clinical trials specifically to test this have been conducted (Vijayakumar et al., 2006) . Early testing showed that the female condom was impermeable to both HIV and cytomegalovirus (Drew et al., 1990) . Measures of semen exposure during female condom use have been found to vary between 5 and 19% when no problems were reported, but this rose to between 17 and 30% if a problem was reported during use . Complete protection from semen exposure occurred in 79-93% of sex acts. In that study, 83% of women who used one or more female condoms reported experiencing a problem with the condom, indicating that mechanical and acceptability challenges may seriously limit the uptake of the female condom. However, the incidence of problems did decline over time, suggesting that greater experience reduced problems with usage . Incidence of semen exposure has also been found to vary with both couple-and intercourse-specific features, indicating that achieving consistent results across a population may prove difficult unless intensive counselling and education accompany distribution of the female condom . The female condom is relatively more expensive than male condoms as it is made of polyurethane rather than latex, but could in turn prove highly cost effective when implemented in a strategic public health programme targeting users at high risk of contracting HIV (Warren & Philpott, 2003) . Despite evidence of demand for the female condom, production levels remain low, and the price accordingly high (Peters et al., 2010) , an untenable situation for such a promising prevention method. It may be possible to circumvent the problems of cost and availability by re-using female condoms -washing, drying and re-lubricating them between in vivo uses has been shown not to affect the burst and seam strength up to eight washes, while the breakage rate associated with multiple washing and re-use was slightly lower than that found in the case of single use followed by washing. While it is preferable to use a new female condom for each instance of intercourse, re-use may be possible where a new female condom cannot be obtained (Beksinska et al., 2001 ). The urgent need to develop woman-initiated methods which can be used covertly led to testing of the HIV prevention potential of cervical barriers. Observational data suggested that covering the cervix with a diaphragm may reduce the risk of HIV (Padian et al., 2007) . The epithelium of the cervix is composed of a comparatively thinner and more delicate unilayer of columnar epithelium, in contrast to the stratified squamous epithelium of the vagina, which may be more robust in resisting infection (Hladik & Hope, 2009 ). The cervix is also rich in HIV target cells -particularly in the transformation zone, which is richly supplied with macrophages and CD4+ T cells (Pudney et al., 2005) . However, a randomized controlled trial (RCT) testing the hypothesis that covering the cervix may protect against HIV infection failed to show effectiveness (Padian et al., 2007) -the HIV seroconversion rates were similar in diaphragm users and control participants. Some challenges experienced during implementation of the trial included low adherence and risk compensation among diaphragm u s e r s . I t i s p r o p o s e d t h a t d i a p h r a g m s c o u l d b e a n additional tool in the "HIV prevention tool-box" and used as a delivery device for products such as microbicides (see below) (Padian et al., 2007) . Despite the lack of evidence for efficacy in preventing HIV infection, the diaphragm has shown efficacy in prevention of gonococcal infections .
Microbicides
Microbicides are intravaginal products designed to be used discreetly by women to prevent HIV; the products are formulated in a variety of ways, including gels, films, tablets and as intravaginal rings (IVR) (Ndesendo et al., 2008; Buckheit Jr et al., 2010) . Although a variety of dosage forms have been developed, the gel and IVR have lately come to dominate the development pipeline. The development of microbicides was prompted by Zena Stein's call for a woman-initiated means of preventing HIV infection, in recognition of the fact that men had ultimate control of the (then) only biomedical means of preventing HIV infection -the male condom (Stein, 1990) . The first generation of microbicides to be tested in large-scale clinical trials were surfactant in nature -nonoxynol-9 (N9) was one of the first compounds to be tested. Surfactant products act by non-specifically disrupting biological membranes resulting in organism lysis. This spermicide was found to have in vitro anti-HIV activity (Polsky et al., 1988; Jennings & Clegg, 1993) and prevented infection of cats by feline immunodeficiency virus (Moench et al., 1993) and macaques with simian immunodeficiency virus (SIV) (Miller et al., 1992) , but failed to prevent HIV infection in women (van Damme et al., 2002) . N9 was found to disrupt the epithelium of the vagina in women who made frequent use of the product, thus enhancing rather than protecting against HIV infection. This result encouraged the adoption of more rigorous and extensive pre-clinical studies in an attempt to prevent the advancement into human stage testing of potentially harmful products. N9 was succeeded by another surfactant gel product called SAVVY, which although safe, was not conclusively found to be of utility in preventing HIV infection (Peterson et al., 2007; Feldblum et al., 2008) . Alongside the surfactants, the following polyanionic compounds were also tested as microbicidal agents: cellulose sulphate, Carraguard and PRO 2000. Polyanions interfere with the attachment of HIV to target cells -PRO 2000, for example, binds to the viral coat protein gp120, and also to host cellular receptors such as CD4 and CXCR4 (Huskens et al., 2009 ). However, all three polyanions (as well as the surfactants) were non-specific to HIV, a characteristic which is now thought to have had a profound impact on the utility of the compounds for the prevention of infection. Although Carraguard and PRO 2000 were both found to be safe to use, they had no discernable effect on HIV infection (SkolerKarpoff et al., 2008; Abdool Karim et al., 2011) , while cellulose sulphate may have increased the risk of infection in a similar manner to that of N9 -by disrupting tight junctions between cells and increasing viral replication (Mesquita et al., 2009 ). However, Carraguard has been found to have utility in preventing infection with HPV (Marais et al., 2010) -the causative agent of cervical cancer (Ho et al., 1995; Nobbenhuis et al., 1999) , and further investigations for this application are underway. Gels which are found to be safe may also be used as carriers for other compounds -the combination of Carraguard and the ARV MIV-150 has shown some efficacy in preventing SHIV-RT infection in macaques (Aravantinou et al., 2010) . Recently, there has been a major leap forward in the microbicide field, with the use of ARVbased agents for HIV prevention. The Centre for the AIDS Programme of Research In South Africa (CAPRISA) 004 safety and effectiveness study compared 1% tenofovir gel with a placebo, and found that the active gel reduced HIV infections by 39% overall, and by 54% in highly adherent trial participants (Abdool Karim et al., 2010) . This result is at the forefront of a major sea change in the microbicide field away from non-specific compounds and towards the use of specific ARV drugs for application prior to exposure to HIV. Trials are currently planned to confirm the effect of 1% tenofovir gel, and several trials are ongoing to test the safety and/or efficacy of other ARVs such as dapivirine and UC781 (see The ARV-based microbicides in Table 2 are all reverse transcriptase inhibitors (RTIs), although of two different classes. Tenofovir is a nucleoside reverse transcriptase inhibitor or "chain terminator" which interferes with the synthesis of the viral DNA by interpolation into the growing strand. Both dapivirine and UC-781 are non-nucleoside reverse transcriptase inhibitors (NNRTIs) which bind to a non-active site on reverse transcriptase, inducing a conformational change which prevents further activity of the enzyme (D' Cruz & Uckun, 2006) . Other prospective ARV-based microbicides may include maraviroc (a cell entry inhibitor) Herrera et al., 2010) , protease inhibitors (Evans et al., 2010) and other NNRTIs such as MIV-150 (Kenney et al., 2011) . Recent innovations in microbicide delivery have included the development of intravaginal rings (IVRs). These rings are similar to those currently marketed for contraceptive use, but have instead as their active ingredient an antiretroviral agent. The rings have been formulated in two ways -as matrix or reservoir types. In the matrix type, the active ingredient is homogenously distributed throughout the ring material, while in the reservoir type, a central core containing the ARV is surrounded by an unmedicated outer layer (Malcolm et al., 2010) . Matrix type IVRs may have a less favourable drug release profile than the reservoir type, since the release of the drug is less controlled, resulting in an early spike in concentration. The addition of rate controlling layers may assist in minimising this characteristic (Malcolm et al., 2010) . Most IVRs are made of silicone elastomer (eg. polydimethylsiloxane) or thermoplastic elastomer (eg. poly[ethylene vinyl acetate] and segmented polyurethane) (Malcolm et al., 2010) . Formulation of IVRs both with and without contraceptives will provide women with the option of preventing acquisition/transmission of HIV without affecting fertility -a feature which is particularly important in contexts where fertility is highly valued. Although microbicides were initially proposed for vaginal use, there has recently been an increase in research on microbicides for rectal application, since it is recognised that this is a significant route of exposure to HIV infection for both women and men who have sex with men . The development of microbicides for application to the rectum has resulted in research comparing the effect of microbicides on the vaginal and rectal mucosa which has shown that the rectal mucosa may be relatively more delicate (Patton et al., 2009 ).
Vaginal microbicides should not be assumed to be safe for rectal use. Future work on rectal microbicides will require specific in vitro and animal models to assess the impact of the products on the target tissue type. Challenges in the clinical trials of microbicides have included lack of appropriate animal models to assess safety prior to human trials, high pregnancy rates (women are taken off the product when pregnant), products with low HIV specificity, and achieving high adherence to the product by trial participants . The promising effectiveness demonstrated by an ARV-based microbicide has re-invigorated the field (Abdool Karim et al., 2010) . However, these products remain unlikely to be 100% effective, hence correct and consistent use of additional prevention options may be required.
Oral antiretroviral therapy for prevention
Development and use of ARV agents has had a significant impact on improving lifespan and quality of life of people living with HIV. These agents have also played a groundbreaking role in prevention of mother to child transmission (MTCT) (Connor et al., 1994) with MTCT in the developed world almost eradicated owing to this success. The use of ARVs for prevention of MTCT has been shown to be both feasible and cost effective (Chigwedere et al., 2008 ) -but treatment may not be available to women living in less developed countries. The success of prevention of MTCT suggests that antiretroviral therapy (ART) could be used as a chemoprophylactic method to prevent sexual HIV transmission due to its ability to suppress viral load and viral replication both prior to and post exposure to HIV. There is evidence that post-exposure prophylaxis (PEP) can reduce the risk of acquisition of HIV (Mackie & Coker, 2000) . Research into ART for pre-exposure prophylaxis (PrEP) has gained momentum recently with several trials in various population groups under way in many countries. All these trials (see Table 3 ) have used the drug tenofovir disoproxil fumarate (TDF) or tenofovir disoproxil fumarate/emtricitabine (TDF/FTC) due to its good safety profile and infrequent side effects (Paxton et al., 2007) . Tenofovir disoproxil fumarate is the prodrug form of tenofovir, a nucleotide reverse transcriptase inhibitor which prevents elongation of the transcribed HIV DNA by interpolation into the growing chain in place of adenosine 5'-monophosphate (Gilead, 2010) . Emtricitabine functions in a similar manner and is the (-) enantiomer of a thio analog of cytidine (Gilead, 2008 The results of the iPrEx trial of oral TDF/FTC showed that oral PrEP may be able to reduce HIV incidence among men who have sex with men (Grant et al., 2010) . However, the effectiveness of the treatment is likely to be heavily influenced by the adherence of the persons taking the medication -low adherence among participants in the iPrEx trial may have affected the level of protection afforded by the study drugs (Grant et al., 2010) . If consensus emerges that PrEP is safe and effective, there will be several challenges for wide-spread roll-out of the method to the population that needs it, including identifying the appropriate target population, monitoring of adherence and side-effects, and development of potential drug resistance. PrEP is unlikely to be 100% effective, so monitoring of adherence and risk compensation will be critical and will require behavioural intervention.
Treatment of Sexually Transmitted Infections
Many observational studies have suggested that sexually transmitted infections (STIs), including HSV2, enhance HIV acquisition (Wasserheit, 1992; del Mar Pujades Rodríguez et al., 2002; Freeman et al., 2006) . The mechanism by which infection is thought to be facilitated varies depending on the particular STI. Rebbapragada and Kaul (Rebbapragada & Kaul, 2007) summarise five mechanisms by which STIs might enhance susceptibility to HIV: macro or micro-scale breach of the genital epithelium; alteration of the levels of innate immune proteins and/or mucosal environment; enhancing susceptibility to other genital infections; attraction of activated HIV target cells to the site of HIV exposure; and by increasing inflammation which in turn enhances HIV replication. Ulcerative STIs such as HSV2 and syphilis may facilitate HIV infection directly through discontinuities in the genital epithelium (Wasserheit, 1992) , but may also have mechanisms in common with other non-ulcerative STIs such as gonorrhoea and Chlamydia trachomatis which are thought to facilitate infection both through micro-ulcerations and by increasing inflammation within the genital tract with subsequent proliferation of HIV target cells (Rebbapragada & Kaul, 2007) . Treatment of STIs for prevention of HIV can include antibiotic or viral suppressive medications, or a combination of both. Randomised controlled trials of STI treatment have found a significant reduction in HIV in only one instance -for a community randomised trial of syndromic treatment of bacterial infections in Mwanza, Tanzania (Grosskurth et al., 1995) . Monthly provision of 1g of azithromycin to female commercial sex workers in a RCT in Nairobi, Kenya did not result in a reduction in subsequent acquisition of HIV, although significant reductions in gonorrhoea, Chlamydia and Trichomonas vaginalis infections were noted (Kaul et al., 2004) . A large scale community intervention with three arms (including an STI treatment arm) carried out near Masaka, Uganda, found that although the trial activities may have positively influenced sexual behaviour and incidence of certain STIs, no detectable influence on HIV was noted (Kamali et al., 2003) . In a trial comparing the effects of intensive versus standard STI care and treatment, a lower but not significantly different HIV seroconversion rate was noted in participants randomized to the intensive care regimen (Ghys et al., 2001) . Two recent largescale trials showed no evidence for an effect of HSV2 suppressive therapy on HIV acquisition (Celum et al., 2008; Watson-Jones et al., 2008) . HSV2 suppressive therapy was also unable to prevent transmission of HIV from infected to uninfected partners, despite a reduction in their HIV viral load (Celum et al., 2010) . It has been proposed that STI treatment may only be effective in concentrated epidemics, and that the effectiveness of such interventions decreases with increasing generalization of the epidemic (Grosskurth et al., 2000) . Despite overwhelming biological evidence for STI treatment as a potential HIV prevention option, efficacy has not been demonstrated in trials due to limitations in treatment approach, adherence and acceptability (Grosskurth et al., 2000; Lagakos & Gable, 2008) . This should not preclude the inclusion of effective STI treatment in HIV prevention plans, as this approach is important for preventing other significant causes of morbidity, and may also have the effect of normalising the need for safe sexual behaviour.
Harm reduction for intravenous drug users
Although the primary mode of HIV transmission in the world is heterosexual sex, there remain concentrated HIV epidemics among intravenous drug users (IDUs) in parts of Asia and South America, while the epidemic among IDUs in Europe and North America is declining (UNAIDS, 2010) . HIV may remain viable in blood residue in used needles and syringes for several weeks (Abdala et al., 1999) , providing an efficient mechanism for transmitting virus between multiple individuals who re-use such equipment. Mechanisms introduced to reduce the incidence of HIV infection in this population include behavioral risk reduction (Copenhaver et al., 2006) , clean needle and syringe exchange programs, and opioid substitution (Vlahov et al., 2010) . Although it is possible to clean needles with bleach for re-use (Shapshak et al., 1994; Abdala et al., 2001) , greater success in lowering HIV risk has been achieved through needle exchange programs (NEPs). Such programs provide IDUs with sterile needles and syringes and promote other interventions such as referral to treatment programs. Although there is a lack of experimental data (Wodak & Cooney, 2005) , it is apparent that such programs impact on risky injection behavior and thus transmission of HIV and other infections (Holtzman et al., 2009) . Ecological studies have shown that a reduction in HIV infections followed the introduction of combined opioid substitution therapy and needle and syringe exchange programs in the European Union and five middle and higher income countries (Wiessing et al., 2009) ; similarly, cities worldwide that have needle exchange programs have experienced a drop in HIV prevalence (Hurley et al., 1997; MacDonald et al., 2003) . Opioid substitution therapy is largely based on the provision of methadone or a buprenorphine/naloxone combination (Vlahov et al., 2010) . Methadone is a synthetic compound, which, although differing in structure from morphine, also has significant analgesic effects (Toombs & Kral, 2005) . The drug may be administered by a variety of routes, but is most commonly applied orally or intravenously (Toombs & Kral, 2005) , with oral administration favored for use in opioid substitution therapy (Doweiko, 2009) . Methadone has two primary properties which make it useful in treatment of opioid addiction: first, it ameliorates the discomfort associated with withdrawal from the illicit drugs, and second, oral doses block the craving for opioids (Doweiko, 2009 ). The use of methadone provides the opportunity for the IDU to resume a more normal life, but must be accompanied by other supportive interventions to promote behavior change and integration into mainstream society. Combination of methadone treatment with needle exchange programs may be the most effective intervention for lowering incidence of HIV and other infections among IDUs (Van Den Berg et al., 2007) . Buprenorphine in combination with naloxone is also used in the treatment of IDUs; buprenorphine is a long-acting derivative of the morphine alkaloid thebaine which blocks the effects of morphine with infrequent induction of physical dependence (Jasinski et al., 1978; Ruiz et al., 2007) . Although buprenorphine has poor oral bioavailability, it was thought important that it not be intravenously administered to former IDUs due to their previous abuse of injection equipment; the drug is therefore formulated as an oral tablet, either alone or in combination with naloxone (Ruiz et al., 2007) . The addition of naloxone is intended to reduce the potential for abuse of buprenorphine (known as treatment "diversion"), since intravenously administered naloxone precipitates unpleasant withdrawal symptoms (Mendelson et al., 1996) ; naloxone has poor oral bioavailability and few effects when taken via this route (Walsh & Eissenberg, 2003) . Opioid substitution therapy has been shown to have significant positive effects in reducing HIV acquisition through reductions in both drug use and risky behaviors associated with www.intechopen.com Biomedical HIV Prevention 35 injection drug use (Metzger et al., 1993; Metzger & Navaline, 2003) . Refinements to treatment regimens are on-going, including the investigation of the possibility of treatment in physician's offices (Gunderson & Fiellin, 2008) (as opposed to in-program treatment) and contingent provision of treatment to be taken at home (Gerra et al., 2011) .
Conclusion
Of the many trials of biomedical interventions to prevent sexual HIV acquisition completed, six to date have shown a statistically significant reduction in HIV incidence (three on male circumcision, one on STI control, one microbicide trial and one oral PrEP trial). Challenges encountered while testing these interventions included lack of appropriate animal models to measure safety and efficacy in pre-clinical testing (Dhawan & Mayer, 2006; Buckheit Jr et al., 2010) , lack of appropriate measures of adherence to product use by participants (nonvaccine trials) (Tolley et al., 2009) , the confounding effect of heterosexual anal sex (Mâsse et al., 2009 ), high pregnancy rates (Mâsse et al., 2009) , and generally falling HIV incidence rates in countries where these efficacy trials are conducted . It is now widely accepted that a single biomedical intervention is unlikely to be 100% effective in preventing HIV acquisition, and all will have the potential to be confounded by risk compensation, poor adherence, and acceptability issues. The potential effectiveness of many biomedical prevention interventions tested to date is undermined by risk compensation -unintended changes in behaviour which arise from a change in the perception of risk. As Richens et al. describe it, introduction of a safety device could lead to a lowered perception of risk; the rewards of risk-taking are subsequently heightened and an increase in risky behaviour may result (Richens et al., 2000) . This is a prime concern as we develop new biomedical HIV prevention tools. There is currently a move towards the development, assessment and implementation of combination approaches to HIV prevention which will provide a combination of the effective interventions outlined in this chapter. Future research will focus on determining the most appropriate and effective elements for inclusion in combination packages targeted at different vulnerable population groups and risk profiles (i.e. single women, single men, couples, and young people). The combination approach may also require revision of traditional mechanisms for delivery of primary health care, particularly in resource-limited settings, since this will likely be the most feasible venue in which to introduce such integrated care options. Despite recent successes in the HIV prevention field (microbicides and oral PrEP), there are numerous implementation challenges ahead. Confirmation of the positive results will be necessary before these new prevention modalities can be widely rolled out, whether that be alone or in combination with other interventions. However, there is now renewed hope that biomedical intervention coupled with behaviour change may turn the tide against new HIV infections worldwide. 
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